Annexins are Ca 2 + -and phospholipid-binding proteins that form an evolutionarily conserved multigene family throughout the animal and plant kingdoms. Two annexins, AnnAt1 and AnnAt4, have been identifi ed as components in osmotic stress and abscisic acid signaling in Arabidopsis. Here, we report that AnnAt1 and AnnAt4 regulate plant stress responses in a light-dependent manner. The singlemutant annAt1 and annAt4 plants showed tolerance to drought and salt stress, which was greatly enhanced in double-mutant annAt1annAt4 plants, but AnnAt4 -overexpressing transgenic plants ( 35S:AnnAt4 ) were more sensitive to stress treatments under long day conditions. Furthermore, expression of stress-related genes was altered in these mutant and transgenic plants. Upon dehydration and salt treatment, AtNCED3 , encoding 9-cis -epoxycarotenoid dioxygenase, and P5CS1 , encoding ∆ -1-pyrroline-5-carboxylate synthase, which are key enzymes in ABA and proline synthesis, respectively, were highly induced in annAt1annAt4 plants and to a lesser extent in annAt1 and annAt4 plants, but not in 35S:AnnAt4 plants. While annAt1 plants were more drought sensitive, annAt4 plants were more tolerant in short days than in long days. In vitro and in vivo binding assays revealed that AnnAt1 and AnnAt4 bind to each other in a Ca 2 + -dependent manner. Our results suggest that AnnAt1 and AnnAt4 function cooperatively in response to drought and salt stress and their functions are affected by photoperiod.
Introduction
Abiotic stresses such as drought and salinity greatly infl uence plant survival and productivity. Plants respond and adapt to environmental conditions with various resistance strategies ( Wang et al. 2003 ) . To understand the underlying mechanisms of stress responses in plants, the molecular and biochemical aspects of these responses have been studied extensively , Takahashi et al. 2000 , Schroeder et al. 2001 , Mahajan and Tuteja 2005 , Mahajan et al. 2008 .
The phytohormone ABA plays a critical role in adaptive responses to various abiotic stresses ( Fujita et al. 2006 ) . Drought and salt stress dramatically increase the ABA level, which in turn induces expression of genes involved in stress responses Yamaguchi-Shinozaki 2000 , Tuteja 2007 ). ABA metabolism is subject to regulation such that ABA biosynthesis genes are activated by drought and salt stress ( Iuchi et al. 2001 , Shinozaki et al. 2003 , Wan and Li 2006 , Gorecka et al. 2007 . Biochemical and genetic studies have shown that 9-cis -epoxycarotenoid dioxygenase (NCED) is a key rate-limiting enzyme in ABA biosynthesis Zeevaart 1999 , Iuchi et al. 2001 ) and that overexpression of NCED genes in Arabidopsis and other plants causes ABA accumulation and affects stress responses ( Thompson et al. 2000 , Iuchi et al. 2001 , Qin and Zeevaart 2002 , Wan and Li 2006 .
Both drought and salinity cause water-defi cit conditions in plant cells and the accumulation of osmoprotective solutes such as proline ( Mahajan and Tuteja 2005 ) . Proline is an important osmolyte that stabilizes macromolecules and membranes in cells exposed to osmotic stress ( Wang et al. 2003 , Mahajan and Tuteja 2005 ) . In plants, proline is synthesized from glutamate and the rate-limiting step is catalyzed by ∆ -1-pyrroline-5-carboxylate synthase (P5CS) ( Wang et al. 2003 ) . Proline biosynthesis is controlled under stress through regulation of both gene expression and activity of P5CS ( Yamada et al. 2005 ) . Transgenic plants overexpressing P5CS have significantly increased proline levels and tolerance to drought and salt stress ( Kishor et al. 1995 , Vendruscolo et al. 2007 ).
Various abiotic stresses, including drought and salinity, induce changes in cytosolic Ca 2 + levels ( Knight et al. 1998 , Sanders et al. 1999 , Clark et al. 2001 . As a second messenger, Ca 2 + activates signaling pathways and infl uences various aspects of plant growth, development and stress responses ( Sánchez-Barrena et al. 2005 ) . Ca 2 + -binding proteins serve as transducers of the Ca 2 + signal and include calmodulin (CaM) and CaM-related proteins ( Luan et al. 2002 ) , Ca 2 + -dependent protein kinases ( Sanders et al. 2002 ) , calcineurin B-like proteins (CBLs) ( Liu and Zhu 1998 ) , CBL-interacting protein kinases ( Cheong et al. 2007 ) and annexins ( Clark et al. 2001 , Monastyrskaya et al. 2007 ). These Ca 2 + sensors transduce the signal through downstream signaling components in ABA and abiotic stress signaling pathways, regulating stress physiology in plants Tuteja 2005 , Mortimer et al. 2008 ) .
Annexins are a multigene family of Ca 2 + -dependent membrane-binding proteins and are found ubiquitously in species including prokaryotes, fungi, plants and animals Gerke 2004 , Mortimer et al. 2008 ) . Annexin functions in plants have been inferred largely from gene expression and in vitro biochemical studies. The intrinsic activities of annexins include enzymatic activity, such as peroxidase and ATPase/GTPase activity, as well as Ca 2 + channel activity ( Hyun et al. 2000 , Gorecka et al. 2005 ). There are many reports demonstrating that animal annexins regulate ion channel activity and form Ca 2 + channels themselves ( Kourie and Wood 2000 , Golczak et al. 2001 ) . Arabidopsis AnnAt1 has also been shown to form pH-sensitive ion channels in artifi cial lipid bilayers ( Gorecka et al. 2007 ) . Annexins have been implicated in stress signaling, as indicated by marked induction of their expression in response to stress treatments ( Watkinson et al. 2003 , Konopka-Postupolska 2007 . Arabidopsis AnnAt1 expression has been enhanced by treatment of plants with ABA, hydrogen peroxide, salicylic acid, cold, drought and salinity ( Leymarie et al. 1996 , Lee et al. 2004 . Alfalfa AnnMs2 was activated by ABA, osmotic stress and water defi ciency ( Kovács et al. 1998 ) . In a recent study, overexpression of AnnAt1 in Arabidopsis conferred enhanced tolerance to drought stress ( Konopka-Postupolska et al. 2009 ).
AnnAt1 was previously identifi ed as a salt-responsive microsomal protein in our proteomic analysis ( Lee et al. 2004 ). The annAt1 and annAt4 mutant plants were hypersensitive to salt and ABA during seed germination, suggesting a role in ABA-mediated stress responses. In the present report, we provide experimental evidence that AnnAt1 and AnnAt4 interact with each other in a Ca 2 + -dependent manner and function to regulate responses to drought and salt stress.
Results

Expression analysis of AnnAt4 proteins and AnnAt4 transcripts
For protein analysis, anti-AnnAt1 and anti-AnnAt4 antibodies were raised to recombinant AnnAt1 and AnnAt4 proteins. Their respective specifi city for AnnAt1 and AnnAt4 was confi rmed using crude extracts of wild-type and annAt mutant plants as well as recombinant AnnAt1 and AnnAt4 proteins ( Supplementary Fig. S1 ).
We have previously shown that AnnAt1 is expressed predominantly in root tissue ( Lee et al. 2004 ) . As a continuation of our previous work ( Lee et al. 2004 ) , plants used in the present study were grown under the same light conditions (i.e. in long days). The expression of AnnAt4 in tissues was fi rst examined by Western and Northern blot analyses ( Fig. 1 ) . In plants grown in soil, high levels of both AnnAt4 transcripts and AnnAt4 proteins were observed in stems and fl owers, and also in other tissues. However, in plants cultured in Murashige and Skoog (MS) liquid medium, both AnnAt4 transcripts and AnnAt4 proteins were more strongly expressed in root tissue than in non-root tissue.
We further evaluated AnnAt4 expression in response to various stresses ( Fig. 2 ). Plants grown in MS liquid medium were treated with different concentrations of NaCl, mannitol and ABA and for various lengths of time. Western blot analysis was performed to monitor protein expression ( Fig. 2A ). AnnAt4 levels were strongly induced by treatment with NaCl and mannitol for 2 h, and slightly induced by ABA treatment. In a time-course experiment, AnnAt4 levels declined 6 and 24 h after treatment with NaCl and mannitol, respectively. However, prolonged exposure of plants to ABA for 6-24 h induced a marked increase in AnnAt4 expression. AnnAt4 transcript levels were determined by Northern blot analysis and compared with those of AnnAt4 proteins ( Fig. 2B ). Induction of AnnAt4 was similar to that of AnnAt4 proteins in response to NaCl and mannitol treatment, although AnnAt4 RNA expression remained high during the 6 and 24 h of NaCl treatment, in contrast to the AnnAt4 protein expression pattern. Increasing concentrations of ABA enhanced AnnAt4 transcript levels, whereas protein levels were not appreciably affected. These results suggest that AnnAt4 is subject to posttranscriptional and/or post-translational regulation under certain stress conditions.
Generation of transgenic plants overexpressing AnnAt4 and annAt1annAt4 double-mutant plants
To further characterize AnnAt1 and AnnAt4, we generated transgenic plants, 35S:AnnAt1 and 35S:AnnAt4 , that overexpress AnnAt1 and AnnAt4 , respectively, from the caulifl ower mosaic virus (CaMV) 35S promoter. Strong AnnAt4 expression was observed in 35S:AnnAt4 plants ( Supplementary Fig. S2A, B ) . However, we were unable to generate 35S:AnnAt1 plants because AnnAt1 was down-regulated by transgene expression (data not shown). In addition, annAt1annAt4 double mutants were generated from a cross between annAt1 and annAt4-1 used in our previous studies ( Lee et al. 2004 ) . Reverse transcriptase (RT)-PCR ( Supplementary Fig. S2C ) and Western blot analysis ( Supplementary Fig. S1B 
Seed germination of AnnAt transgenic and mutant plants under abiotic stress conditions
Previously, we showed that annAt1 and annAt4 mutant plants were defective in seed germination under stress conditions ( Lee et al. 2004 ) . We further determined the sensitivity of 35S:AnnAt4 and annAt1annAt4 double-mutant plants to NaCl, mannitol and ABA. Seeds of wild-type, 35S:AnnAt4 , annAt1 , annAt4 and annAt1annAt4 plants were germinated on MS agar plates supplemented with NaCl (100 mM), mannitol (150 mM) and ABA (2 µM) ( Fig. 3A ) . Both single mutants annAt1 and annAt4 were defective in seed germination, but annAt1annAt4 plants exhibited the most severe defects under all stress conditions tested. plants germinated on NaCl/mannitol-and ABA-containing plates, respectively ( Fig. 3B ). and salt stress under long day conditions ( Fig. 4A, B ). During drought and salt stress treatments, 35S:AnnAt4 plants had the most sensitive phenotypes. In contrast, annAt1 and annAt4 plants were less sensitive than wild-type plants, and annAt1annAt4 plants displayed greater tolerance than all other plants. Under drought treatment, 78-80 % of annAt1annAt4 plants survived, compared with 30-38 % survival rates for annAt1 and annAt4 plants. Wild-type and 35S:AnnAt4 plants had 16 % and 6-8 % survival rates, respectively ( a n n A t 4 -1 a n n A t 4 -2 a n n A t 1 a n n A t 4 ( 1 3 ) a n n A t 1 a n n A t 4 ( 2 2 ) a n n A t 1
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(c) Based on these observations, drought and salt tolerance of annAt mutant plants may be attributed to reduced transpiration. Water loss by these plants was thus determined by measuring the decrease in fresh weight of detached leaves over time ( Fig. 5A ). As expected, annAt1annAt4 plants and, to a lesser degree annAt1 and annAt4 plants, lost water more slowly than wild-type plants. In contrast, overexpression of AnnAt4 in plants increased the rate of water loss. 35S:AnnAt4 and annAt1annAt4 plants exhibited 60 % and 14 % water loss after 150 min, respectively. To test whether whole plant phenotypes and altered transpiration water loss rates are due to stomatal behavior of annAt mutant and 35S:AnnAt4 plants, ABA-induced stomatal closure assays were carried out. As shown in Fig. 5B , annAt1annAt4 plants showed a hypersensitive ABA response in stomatal movement compared with wild type. In contrast, guard cells of 35S:AnnAt4 plants were signifi cantly insensitive to ABA in stomatal movement.
Whereas our data clearly demonstrated that AnnAt1 and AnnAt4 both negatively regulate plant responses to drought and salt stress, in a recent report 35S:AnnAt1 plants showed enhanced drought tolerance and annAt1 plants were less tolerant to drought stress than wild-type plants under short day conditions ( Konopka-Postupolska et al. 2009 ). Since this confl ict might come from different light growth conditions, we also performed drought tolerance experiments with annAt1 , annAt4 and annAt1annAt4 plants under short day conditions ( Supplementary Fig. S4 ). In this test, annAt4 plants were more tolerant to drought stress, but annAt1 plants had more sensitive phenotypes than wild-type plants. However, annAt1annAt4 plants exhibited moderate drought tolerance between annAt1 and annAt4 plants, suggesting a positive role for AnnAt1 in drought stress responses in short days. These fi ndings were consistent with the previous report ( Konopka-Postupolska et al. 2009 ). According to our data, AnnAt1 activity may be affected largely by light conditions, whereas AnnAt4 functions negatively in drought stress responses regardless of photoperiod.
Expression of stress-responsive genes in AnnAt transgenic and mutant plants
We examined whether the expression of stress-responsive genes is altered by overexpression or mutation of AnnAt1 and AnnAt4 ( Fig. 6 ). The expression of stress-responsive genes was enhanced in wild-type plants by drought and salt stress. However, transcript levels of DREB2A and RAB18 were not signifi cantly different in transgenic and mutant plants. On the other hand, COR15A was more strongly induced in all three annAt mutants than in wild-type plants, but not in 35S:AnnAt4 plants under drought stress conditions ( Fig. 6A ) . In response to drought and high salinity, plants produce high levels of ABA and small molecules (e.g. sugars, proline) to enhance stress tolerance . Thus, we additionally analyzed the expression of AtNCED3 and P5CS1 , which encode key rate-limiting enzymes in ABA and proline biosynthesis, respectively ( Qin and Zeevaart 1999 , Iuchi et al. 2001 , Wang et al. 2003 . Expression of AtNCED3 and P5CS1 was highly enhanced in annAt1annAt4 plants, and to a lesser extent in annAt1 and annAt4 plants, by drought and salt stress, respectively ( Fig. 6A, B ) . We then measured the content of ABA and proline to see whether altered expression of AtNCED3 and P5CS1 leads to changes in their accumulation in plants ( Fig. 6C, D ) . Consistent with increased expression of AtNCED3 and P5CS1 in annAt1annAt4 plants, drought and salt treatments caused greater accumulation of ABA and proline in annAt1annAt4 plants than in wild type. These results suggest that expression of AtNCED3 and P5CS1 and the metabolic activities associated with stress responses are under the negative control of AnnAt1 and AnnAt4 in long days.
Physical interaction of AnnAt1 and AnnAt4
In phenotypic analyses, annAt1annAt4 plants exhibited significantly enhanced responses to stress treatments compared with annAt1 and annAt4 single mutants in long days, suggesting that AnnAt1 and AnnAt4 may function in a cooperative manner. Since functional cooperation is often mediated by proteinprotein interactions, we examined the interaction between AnnAt1 and AnnAt4 ( Fig. 7 ) . Glutathione S -transferase (GST)-fused and His-tagged recombinant AnnAt1 and AnnAt4 were generated and used for in vitro binding assays to examine homo-and heterodimer formation ( Fig. 7A ). AnnAt4 formed homodimers, as well as heterodimers with AnnAt1, but AnnAt1 did not form homodimers ( Fig. 7B-D ) . GST alone did not bind to AnnAt1 or AnnAt4 (data not shown). Furthermore, Ca 2 + enhanced the interactions ( Fig. 7C, D ) and ethylene glycol tetraacetic acid (EGTA) slightly disrupted the binding of AnnAt1 and AnnAt4 ( Fig. 7C ) , suggesting a role for Ca 2 + in AnnAt1-AnnAt4 interactions. To evaluate the in vivo interaction of AnnAt1 and AnnAt4, protein extracts from wild-type, 35S:AnnAt4 and annAt1annAt4 plants were subjected to immunoprecipitation with preimmune or anti-AnnAt4 serum ( Fig. 7E ). The precipitated proteins were separated on SDS gels
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W T 3 5 S : A n n A t 4 ( 3 -1 6 ) a n n A t 4 -1 a n n A t 1 a n n A t 4 ( 1 3 ) a n n A t 1 assess the effect of Ca 2 + on AnnAt1 and AnnAt4 binding, we generated recombinant AnnAt1 and AnnAt4 with amino acid changes at the conserved acidic residues (D/E) of Ca 2 + -binding sites ( Supplementary Fig. S5 ). Three mutant forms of AnnAt1 with changes in two Ca 2 + -binding sites, singly or in combination (AnnAt1E68A, AnnAtlD299A and AnnAt1E68AD299A) and a single-mutant form of AnnAt4 with an alteration in the Ca 2 + -binding site (AnnAt4E72A) were generated. The Ca 2 + -binding activity of wild-type and mutant forms of AnnAt1 and AnnAt4 was measured using a 45 Ca 2 + -overlay assay ( Garrigos et al. 1991 ) . Both AnnAt1 and AnnAt4 exhibited an affi nity for Ca 2 + , similar to the positive control calmodulin (CaM1) ( Fig. 8A ). AnnAt1 bound to Ca 2 + more strongly than AnnAt4 did. In comparison with wild-type proteins, mutant forms of AnnAt1 and AnnAt4 exhibited reduced Ca 2 + -binding activity. We then investigated whether these alterations in Ca 2 + -binding domains infl uence the interactions between AnnAt1 and AnnAt4 ( Fig. 8B, C ) . Single or double mutations in the Ca 2 + -binding domains of AnnAt1 (AnnAt1E68A, AnnAtlD299A and AnnAt1E68AD299A) did not affect AnnAt1 binding to the wild-type form of AnnAt4 ( Fig. 8B , left panel) . The mutant form of AnnAt4 (AnnAt4E72A) was able to bind to wild-type or single-mutant forms of AnnAt1 ( Fig. 8B , middle panel) . The proteins lost the ability to interact with one another only when all three Ca 2 + -binding domains (two in AnnAt1 and one in AnnAt4) of AnnAt1 and AnnAt4 were altered ( Fig. 8B , right panel). Similarly, AnnAt4-AnnAt4 binding was abolished 45 Ca 2 + -overlay assay. His-tagged recombinant proteins, wild-type and mutant AnnAt1 (AnnAt1E68A, AnnAtlD299A and AnnAt1E68AD299A), and mutant AnnAt4 (AnnAt4E72A), were separated by SDS-PAGE and subjected to Coomassie blue staining (bottom) or electroblotted onto a PVDF membrane. The blot was probed with 45 Ca 2 + followed by autoradiography (top). Calmodulin 1 (CaM1) and bovine serum albumin (BSA) were used as positive and negative controls, respectively. In the AnnAt4 protein lane, the 34 kDa band is likely a fragment of degraded AnnAt4. Equal amounts of control and AnnAt proteins (1 µg) were used in the overlay assay. (B, C) Effect of mutation in Ca 2 + -binding domains on binding of AnnAt1 to AnnAt4 (B) and AnnAt4 to itself (C). Binding assays were performed as in Fig. 7 (B-D) .
when AnnAt4 mutant (AnnAt4E72A) alone was used in the assay ( Fig. 8C ). These results suggest that the interaction of AnnAt1 and AnnAt4 is modulated by Ca 2 + binding of these proteins.
Subcellular co-localization of AnnAt1 and AnnAt4
To determine the subcellular localization of AnnAt1 and AnnAt4, we employed transient expression of AnnAt1 and AnnAt4 fused with either green fl uorescent protein (GFP) or red fl uorescent protein (RFP) in protoplasts ( Fig. 9 ). AnnAt1-RFP was evenly distributed in the cytosol, but AnnAt4-GFP expression developed distinct structures, in which substantial co-localization of AnnAt1 and AnnAt4 was detected ( Fig. 9A ) . The staining patterns of AnnAt4 prompted us to test for localization in the endoplasmic reticulum (ER) and mitochondria. AnnAt4 was co-expressed with an ER marker, BiP-RFP ( Min et al. 2007 ) , and a mitochondrial marker, F1 ATPase N77-GFP ( Jin et al. 2003 ) , respectively ( Fig. 9B ). AnnAt4 staining overlapped with the ER marker in some parts of the ER, but not with the mitochondrial marker. The percentage of protoplasts with AnnAt4 localization in the ER was ∼90 % ( Fig. 9C ). We then examined whether AnnAt1 also localizes to the ER and found that much of the AnnAt1-GFP signal overlapped with that of BiP-RFP ( Fig. 9B ). These results suggest that AnnAt1 and AnnAt4 co-localize primarily to the ER. Arabidopsis protoplasts were transformed and transiently expressed AnnAt1-GFP/RFP, AnnAt4-GFP/RFP, BiP-GFP/RFP and F1 ATPase N77-GFP, singly or in combination. BiP-RFP and F1 ATPase N77-GFP were used as ER and mitochondrial markers, respectively. Arrows indicate the merged regions (yellowish orange) of co-expressed proteins. In (C), protoplasts were co-transformed with constructs for AnnAt4-GFP and BiP-RFP or for AnnAt4-RFP and BiP-GFP. Protoplasts were counted for localization of AnnAt4 in three independent experiments ( n ≥ 100 each). Bars, 5 µm.
Discussion
Expression analysis of AnnAt4
Previously, we showed that AnnAt1 proteins are specifi cally expressed in root tissue ( Lee et al. 2004 ) . In this study, AnnAt4 expression in various tissues was determined and compared with that of AnnAt1. AnnAt4 proteins and AnnAt4 transcripts were strongly expressed in roots of 2-week-old seedlings grown in MS liquid medium, but they were detectable in all tissues, with the highest level of expression in stems and fl owers of 4-week-old plants grown in soil. These results suggest that expression patterns may depend on both culture conditions and developmental stage. Whereas stress responses of AnnAt1 occurred at the protein level ( Lee et al. 2004 ), AnnAt4 responded to abiotic stress at both protein and RNA levels, which were increased by salt, mannitol and ABA treatments. The expression pattern of AnnAt4 also differed from a previous report. AnnAt4 was signifi cantly up-regulated by salt treatment, but down-regulated by dehydration ( Cantero et al. 2006 ). This contrast again demonstrates that gene expression may be infl uenced by the growth and developmental states of plants.
We also observed that AnnAt4 transcript and AnnAt4 protein expression patterns were not completely correlated under certain stress conditions. For example, AnnAt4 protein levels were signifi cantly enhanced after 2 h of NaCl treatment and subsequently reduced down, whereas AnnAt4 RNA expression remained high. In our previous report ( Lee et al. 2004 ), AnnAt1 underwent salt-induced changes at the protein level, but its transcript was not affected, demonstrating post-transcriptional/post-translational regulation of AnnAt1. These results collectively suggest that post-transcriptional/post-translational modifi cation may be a common mechanism in the regulation of annexin activity in plants.
Functions of AnnAt1 and AnnAt4 as regulators of abiotic stress responses
In our previous study, sensitive responses of annAt1 and annAt4 mutant plants to ABA, salt and osmotic stresses in seed germination and Ca 2 + -dependent degradation of AnnAt1 proteins suggested regulatory roles of AnnAt1 and AnnAt4 in stress responses ( Lee et al. 2004 ). Here, 35S:AnnAt4 and annAt1annAt4 mutant plants were generated to further assess the functions of AnnAt1 and AnnAt4 in abiotic stress responses. When tested under long day conditions, sensitivity to abiotic stress, as determined by seed germination and stress tolerance, was signifi cantly enhanced in annAt1annAt4 mutant plants, but this effect was reversed in 35S:AnnAt4 plants, refl ecting the functions of AnnAt1 and AnnAt4 as negative regulators in abiotic stress responses. Compared with single mutants annAt1 and annAt4 , annAt1annAt4 plants showed greatly increased tolerance to drought and salt stress. This suggests that AnnAt1 and AnnAt4 may function in a cooperative way.
In a recent report, AnnAt1 -overexpressing transgenic plants were more tolerant to drought stress than wild-type plants, whereas annAt1 knockout plants were more drought sensitive ( Konopka-Postupolska et al. 2009 ). These fi ndings confl ict with ours, although their study was limited to phenotypic results. Our study involved additional data from analyses of seed germination, stomatal behavior and stress-responsive gene expression. Also, there was a major difference in the photoperiods used for plant growth. Plants were grown under short day conditions in their study, but we used long day conditions. Thus, we performed further experiments under short day conditions and obtained results for annAt1 plants that were similar to theirs. Konopka-Postupolska et al. (2009) showed that AnnAt1 proteins are subject to S -glutathionylation. Glutathione is a key redox molecule and its redox state is regulated by photoperiod. It has been shown that photoperiod is a critical modulator in stress responses and functions through its infl uence on redox signaling ( Becker et al. 2006 , Queval et al. 2007 ). Consequently, AnnAt1 may be under glutathione-mediated redox regulation in a photoperiod-dependent manner.
AnnAt1-and AnnAt4-dependent expression of stress-responsive genes
Expression of AtNCED3 and P5CS1 was induced by drought and salt stress in annAt mutant plants. However, transcript levels of well-known stress-responsive genes such as RD29A , DREB2A and RAB18 were not altered in annAt mutant and 35S:AnnAt4 plants compared with wild-type plants under stress conditions. Among nine members of the NCED gene family in Arabidopsis, AtNCED3 was the major transcript in leaves, stems and roots ( Tan et al. 2003 ) . Overexpression of AtNCED3 led to the accumulation of endogenous ABA and improved drought tolerance in Arabidopsis ( Iuchi et al. 2001 ). The expression pattern and implication in drought tolerance of AtNCED3 overlaps with those of AnnAt1 and AnnAt4 . AtNCED3 transcript levels increased in annAt1 and annAt4 plants, compared with wild type, and more signifi cantly in annAt1annAt4 under drought conditions. This led to an increase in ABA accumulation, contributing to phenotypes of the single and double mutants in seed germination, transpirational water loss, drought response and stomatal closing. Proline has multiple functions in stress responses, serving as a compatible osmolyte, molecular chaperone and reactive oxygen species (ROS) scavenger, and thus its accumulation is an important adaptive process in stress responses ( Verbruggen and Hermans 2008 ) . Among two P5CS genes in Arabidopsis, P5CS1 was required for proline accumulation during drought and salt stress, and knockout mutations of P5CS1 impaired stress-induced proline accumulation and salt tolerance ( Székely et al. 2008 ) . Out results suggest that roles of AnnAt1 and AnnAt4 are linked to regulation of metabolic activity, including biosynthesis of ABA and proline, in addition to signaling pathways.
Protein-protein interactions of AnnAt1 and AnnAt4
In animals, annexins (ANXs) play specifi c roles through protein-protein interactions. The functions of ANXs in signaling could be inferred from the interactions of ANXs with signaling molecules ( Gerke and Moss 2002 ) . Furthermore, ANXs have been shown to homo-and heterodimerize in a Ca 2 + -dependent manner ( Zaks and Creutz 1991 , Lee et al. 1999 , Liu 1999 , Brooks et al. 2002 . In our study, similar to animal ANXs, Arabidopsis AnnAt4 could self-associate and form a complex with AnnAt1 both in vitro and in vivo. Based on our tissue expression data, both AnnAt1-AnnAt4 and AnnAt4-AnnAt4 complexes may form in root tissues, but in other tissues only the AnnAt4-AnnAt4 complex may be generated. AnnAt1 and AnnAt4 may also exert their specifi c functions through specifi c interactions with other molecules. Two different complexes, AnnAt1-AnnAt4 and AnnAt4-AnnAt4, may associate with different subsets of other proteins and play distinct roles.
Interactions of AnnAt1 and AnnAt4 were enhanced by the addition of Ca 2 + . Mutations in Ca 2 + -binding motifs of AnnAt1 and AnnAt4 negatively affected both Ca 2 + -and AnnAt-binding activity, suggesting that protein-protein interactions are Ca 2 + dependent. Intriguingly, AnnAt1 proteins with mutations in either one of two Ca 2 + -binding domains exhibited a reduced but still signifi cant binding affi nity for Ca 2 + , and they still bound to both wild-type and Ca 2 + -binding-defective mutant AnnAt4 proteins. On the one hand, the mutant AnnAt4, which had completely lost its Ca 2 + -binding ability, was able to bind wild-type and mutant AnnAt1 altered at either one of the Ca 2 + -binding sites. Thus, when either of these interacting partners possessed any Ca 2 + -binding activity, they were still able to interact. These results suggest that protein-protein interactions between AnnAts may depend on availability and concentration of Ca 2 + in the cell. On the other hand, previous reports indicated that AnnAt1 reversibly formed oligomers, accompanied by increased hydrophobicity and pronounced changes in secondary structure, which occurred only under limited conditions (e.g. at low pH and in the presence of H 2 O 2 ) ( Gorecka et al. 2005 ( Gorecka et al. , 2007 . The structural changes in AnnAt1 induced by acidic pH and by ROS may be the basis of opposing roles of AnnAt1 under different light conditions.
Subcellular localization of AnnAt1 and AnnAt4
Plant annexins have been localized primarily in the cytosol, but they are also found in various endomembrane systems ( Mortimer et al. 2008 ). In our subcellular localization experiments, AnnAt1 and AnnAt4 were co-localized in the ER, but AnnAt1 was primarily in the cytosol. The localization of AnnAt1 is consistent with our previous results showing that AnnAt1 proteins are abundant in the cytosol and some are associated with microsomes ( Lee et al. 2004 ) , likely the ER. We previously showed that AnnAt1 underwent dynamic changes in expression and subcellular distribution in response to salt stress ( Lee et al. 2004 ). Further study is required to elucidate whether the subcellular locations of AnnAt1 and AnnAt4 change in response to various treatments and stress conditions, and whether such changes occur through specifi c interactions of annexins with molecules associated with different subcellular structures.
Here, AnnAt1 and AnnAt4 were co-localized in a discrete region of the ER. A previous report showed that the alfalfa annexin AnnMs2 was localized in the nuclear periphery, suggesting association of AnnMs2 with the nuclear envelope ER domain or with ER-associated cytoskeletal components ( de Carvalho-Niebel et al. 2002 ) . The ER is the largest continuous endomembrane system; it is composed of subcompartments that perform distinct functions ( Voeltz et al. 2002 ) . AnnAt1-AnnAt4 and AnnAt4-AnnAt4 complexes may associate with a particular ER subcompartment and regulate the activity of components (e.g. receptors, channels and enzymes) present in that specifi c ER domain. Stress-induced increases in cytoplasmic Ca 2 + concentration trigger stress signaling processes ( Knight et al. 1998 ). The ER is a Ca 2 + storage organelle and Ca 2 + effl ux from the ER is mediated by Ca 2 + channels ( White 2000 ) . Previous reports demonstrate that annexins, including AnnAt1, can form voltage-dependent ion channels in lipid bilayers ( Kourie and Wood 2000 , Golczak et al. 2001 , Gorecka et al. 2007 ). It would be interesting to investigate whether AnnAt1 and AnnAt4 together form an ion channel in the ER or interact with other ER-resident Ca 2 + channels, regulating channel activity to modulate Ca 2 + release into the cytosol and thereby regulating stress responses in the cell.
Our current and previous ( Lee et al. 2004 ) fi ndings lead us to propose that, in stress responses, AnnAt4 acts as a negative regulator and AnnAt1 acts as either a positive or negative regulator depending on light conditions. Previous reports demonstrate that AnnAt1 undergoes oxidative modifi cation (e.g. S -glutathionylation) and forms oligomers ( Gorecka et al. 2005 , Konopka-Postupolska et al. 2009 ). Since S -glutathionylation decreases the Ca 2 + affi nity of AnnAt1 ( Konopka-Postupolska et al. 2009 ), redox-driven AnnAt1 oligomers may represent inactive or less active states of AnnAt1. Assuming that cells accumulate more redox-modifi ed AnnAt1 oligomers under long day conditions than in short days, the role of AnnAt1 as a positive or negative regulator in stress responses may be determined by the oligomeric state of AnnAt1 in a photoperiod-dependent manner. It is unclear whether AnnAt4 is also subject to redox control and whether oxidative modifi cation of annexins affects protein-protein and protein-lipid interactions and their Ca 2 + dependency, thus modulating cellular functions and localization of annexins. Further study is needed to enhance our understanding of structure and function of annexins in plant stress responses.
Materials and Methods
Plant materials, growth conditions and stress treatments
Arabidopsis thaliana (ecotype Columbia, Col-0) plants were grown at 23 ° C under long day conditions in a 16-h light/8-h dark cycle with a light intensity of 150 µmol m − 2 s − 1 unless otherwise indicated. Plants grown in either MS-sucrose (2 % ) liquid or MS-sucrose (2 % ) agar medium were subjected to stress conditions. Two-week-old seedlings grown in liquid medium were treated with various concentrations of NaCl, mannitol and ABA for the indicated times with continuous shaking. Two-week-old seedlings grown on agar medium were dried on Whatman 3MM fi lter paper (drought stress) or soaked in 200 mM NaCl solution (salt stress) for 6 h. For experiments on MS agar medium, 1 × MS and 0.8 % agar were used for preparation of the medium.
Seed germination tests
For seed germination analysis, sterilized seeds were stratifi ed for 3 d at 4 ° C and then plated on MS-sucrose (2 % ) agar medium containing various concentrations of NaCl, mannitol and ABA. Germination was scored daily for 5 d. The germination rate was determined as a percentage of the total number of seeds plated. Three replicate plates were used for each treatment to ensure reproducibility of the data.
Stress tolerance tests in long days
For drought tolerance tests, 3-week-old plants grown in soil were left without watering for 9 d, and then re-watered and allowed to grow for an additional 5-10 d. For salt tolerance tests, 3-week-old plants grown in soil were irrigated with NaCl solutions. The NaCl concentration was increased from 50 to 200 mM NaCl by increments of 50 mM for 4 h, and further maintained with 200 mM NaCl irrigation for 15 d. For measurement of transpiration rates, rosette leaves at similar developmental stages were used. Detached leaves were placed abaxial side up on open Petri dishes at room temperature and weighed over time to determine changes in fresh weight.
Stress tolerance tests in short days
Drought tolerance was tested under short day conditions as described ( Konopka-Postupolska et al. 2009 ). Sterilized seeds were plated onto MS-sucrose (1 % ) agar medium and maintained for 1 week in a growth chamber under short day conditions (8-h light/16-h dark cycle). Plants were then transferred to soil in pots and continuously grown in short days. Fourweek-old plants were subjected to drought stress by stopping irrigation for 3 weeks.
Analysis of stomatal movement
Stomatal movement assays were performed as described ( Jeon et al. 2008 ) with a minor modifi cation. Rosette leaves of 3-to 4-week-old Arabidopsis plants were fl oated in a buffer containing 5 mM KCl and 10 mM Mes/Tris (pH 6.1) in white light (120 µmol m − 2 s − 1 ) for 3 h. Leaves were then transferred to a buffer containing 1 µM ABA, 5 mM KCl and 10 mM Mes/ Tris pH 6.1. Stomatal apertures were measured at 1 and 3 h after the addition of ABA. Stomates on the abaxial side of the leaves were used for measurements.
Determination of ABA and proline contents
ABA was extracted from 0.5 g of 2-week-old seedlings as described ( Hou et al. 2008 ) and quantifi ed with an ABA immunoassay kit (Agadia, Elkart, IN, USA). Proline was extracted from 0.2 g of 2-week-old seedlings and quantifi ed by the ninhydrin method as described ( Bates et al. 1973 ).
RNA analysis
Northern blot analysis and RT-PCR were performed as described previously ( Lee et al. 2004 ) . The primers used to amplify probes for RNA blotting and used for RT-PCR were as follows: AnnAt1 , 5 ′ -ATG GCG ACT CTT AAG GTT TCT GAT-3 ′ and 5 ′ -TTA AGC ATC ATC TTC ACC GAG AAG TGC-3 ′ ; AnnAt4 , 5 ′ -ACA CTG GGG AAA TCG CAA AAG-3 ′ and 5 ′ -AGC CAA AGT CTC ACC ATA AAG-3 ′ ; AtNCED3 , 5 ′ -TTG CTC CGG TGA ATG AAC AGC C-3 ′ and 5 ′ -TTC GGG TGG GCA ATC ATT GTG G-3 ′ ; COR15A , 5 ′ -AGA TCT CTC TCA TGG CGA TGT C-3 ′ and 5 ′ -ATG TGA CGG TGA CTG TGG ATAC-3 ′ ; DREB2A , 5 ′ -CTA GAA GTA GAG GTG ACG GTA C-3 ′ and 5 ′ -CTA GAA GTA GAG GTG ACG GTA C-3 ′ ; RAB18 , 5 ′ -GTG GTG GCT TGG GAG GAA TGC TTC A-3 ′ and 5 ′ -ATG CGA CTG CGT TAC AAA CCC TCA-3 ′ ; P5CS1 , 5 ′ -AAA CAA GAC TTC CGA GTG TGT G-3 ′ and 5 ′ -GGT AGC TTA CAA TGA CAA GAA GAG-3 ′ ; Actin , 5 ′ -GGC GAT GAA GCT CAA TCC AAA CG-3 ′ and 5 ′ -GGT CAC GAC CAG CAA GAT CAA GAC G-3 ′ .
Purifi cation of recombinant AnnAt1 and AnnAt4 proteins
The full-length coding regions of AnnAt1 and AnnAt4 were cloned into the pGEX6P-1 vector (Amersham Biosciences, UK) and the pET15b vector (Novagen, Darmstadt, Germany) to generate GST-fused and His-tagged proteins, respectively. Amino acid changes at Ca 2 + -binding sites were generated by mutagenic PCR using the following primers with single base mismatches (lowercase): AnnAt1E68A, 5 ′ -CTC AAG ACT CTT GAC AAG GcG CTC TCT AAC GAT TTC GAG-3 ′ (sense) and 5 ′ -CTC GAA ATC GTT AGA GAG CgC CTT GTC AAG AGT CTT GAG-3 ′ (antisense); AnnAt1D299A, 5 ′ -GAG AAA GCT ATT ACC AAA GcC ACT CGT GGA GAT TAC GAG-3 ′ (sense) and 5 ′ -CT GTA ATC TCC ACG AGT GgC TTT GGT AAT AGC TTT CTC-3 ′ (antisense); AnnAt4E72A, 5 ′ -GTC AGA CAC CTC AAG CTT GcG TTC TCC CGC TTC AAT ACT GCG G-3 ′ (sense) and 5 ′ -CCG CAG TAT TGA AGC GGG AGA ACg CAA GCT TGA GGT GTC TGA C-3 ′ (antisense). Escherichia coli BL21 (DE3) cells were transformed with the constructs and cultured. Production of recombinant AnnAt1 and AnnAt4 proteins was induced by the addition of 0.5 mM isopropyl-β -D -thiogalactoside (IPTG) for 8-12 h at 28 ° C. The GST-fused and His-tagged proteins were purifi ed using glutathioneSepharose 4B (GE, Buckinghamshire, UK) and Ni 2 + -NTA columns (Qiagen, Hilden, Germany) according to the manufacturers' instructions.
Western blot analysis
Polyclonal antibodies were raised in rats to recombinant His-tagged AnnAt1 and AnnAt4 proteins. Immunoblotting was performed as described previously ( Lee et al. 2004 ). Proteins were separated on 12 % SDS-polyacrylamide gels, transferred onto nitrocellulose membranes and incubated with anti-AnnAt1 or anti-AnnAt4 antisera overnight at 4 ° C. Antibody-bound proteins were detected following incubation
